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Abstract 

^ Measurements have been performed on the photoconductivity of pressed 

and sintered samples of zinc-oxide powder at room and at liquid air temperature. 

The behavior of the illuminated material as a function of time, incident light 

intensity, and frequency of light modulation indicate the existence of several 

mechanisms simulataueously participating in the photocohductive process": a slew 

bimolecular process having a decay constant of 60 minutes, a monomoiecular pro« 

,  , __cess having a decay constant of about § minutess and a monomeiecular process of 

Gv3 second decay constant. The existence of processes of time constants of the 

'eitler of one minute and of several milliseconds is also suspected;. The maximum. 
- ' 0.1: 

of photoconductivity occurs at the fundamental absorption edge (3900 A) of the 

material. Photooonductive response in several impure crystals is also reported, 

The theory of the photeeünductive process is developed and two ce.l- 

,; euiations are described.*._ The first is-a method of determining the incremental 

response in a large dark-current semiconductor and indicetes that the existence 

of an impurity or trap level in the forbidden band region can give rise to two 

exponential processes in the rise or decay of photoconduc'tioh. The second cal- 

culation-uses a method of successive approximation to show that essentially the 

same model ean give rise, to a. bimolecular and a monomoiecular process simultan-^ " 

eously. Application of these models is made to the sintered-zinG-oxide data- 

 The^exlst.ene&.,of_ap^ Junpuri-ty^.leve 1..jappro,xiaaMlv^..^l-ev,i_j3elow the conduction 

band is thought to be in agreement with the-Conductivity data' of Hahn and Miller. 

It is- suggested that this set of states may exist,©? the interfaces rather than 

in the bulk of the sintered material., and that the x-ecombination of electrons 

from this level to the filled, b?hd ragion or to activators lying at the edge of 
o 

the forbidden band may ha responsible, for the observed long-wave length (:5i©Q. A)
; 

ivffliines-oent bahet.  • - 

m 
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£> gjfo^^gl^g o? •."i-**g*0xide Samicfenduetor 

ÄXise-bsiae äs:. qömmarc.iäliy obtained is afkite powäsr- öxälbitiag    - 

negligible conductivity or visible luminescence. Hpwever, when the poster is 

.baked ^n air or in a reducing atmosphere t. or when layers are prepared by deposition 

from aflame» the material may be'white-or yellow ör even black and exhibits 

tj^picsl semicondudtihg properties, This change in properties is thought to be 

due to driving-off oxygen from"the lattice structure with the consequent formation 
— - j 3 15 g 

of interstitial sine in the worksite structure» 'l *  " 

in measurements of the conductivity of sintered material two ranges are 

founa in which a plot of la CTversus 1/T is roughly linear, the lower range 

for T 25 C in which an activation energy of ,02-.04 en is[measured» s^sjthe" , 

higher-range for 300°BLCT C104QQE in which an activation energy of from 1.4 to 

8*4 ev. is measured»5 li& Hall effect and Saebeek .a,a-,.f. indicate n type behavior 
"•••'.    i  "••"•'•"  "5  -                   '   ' .Jüsiub-^jBgXigiölö. hoX& .öönciuotion^      --  : . 

Measurements of the optical transmission in the baked material and in 

Impure single7 crystals indicates an ultra-violet absorption edge at about 3300 A 
s 

with ä shift to larger; wavelengths with" increasing temperature of about 1 A por 

degree Centigrade at room temperature. Measurements on evaporated layers"»^ 
-:'~ '  '""••""".. "  -       "   '   -o 

ind.ixsate^ an."absorption, edge at 3850 A.     - 

;   Sintered ziae-oxide exhibits ~ac luminescent emission in a narrow ultra- 

viole t~band peaked at the, absorption .edge *___. J5inc-oxida prepared with additional 

interstitial zinc exhibits in addition a broad emission band peaked at about 

5100 A« *- \ The shift of the ultra--Vioiet band as a function of temperature is, 

the same as that for the absorption edge..^0 '  ---,,- 

Thee photoconductivity as observed by Moliwo 04 evaporated layers and 

14 the present paper- on sintered and crystalline bulk material also- indicates a 

peavyf"response at the absorption efige7.-Thus.-there fs- general agreement that the 

Width öf thß  forbidden gap is about £ ev35*13' although Seitz*s1S; theoretical 

.~* ,~ P-~i*"    f <£._ """V*"*?? ?~ _S-TZT&T*:£:e*r.A*r\ ^*«izr=T5r r* * 
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-estimate was about 16 ev.    The problem of the nature and distribution, of the 
?  - :•  •-    - - - • • -._--_. _ 

impurity level's is however completely unsettled as yet*.-»*'»"» 
u    - •' - * ' - 
^ - A        • - - 

$ "...-.'_.___.........'      The samples used in the present investigation were prepared by coat- 

'i pressing Merck C.P. or speetroscopicaily pure* zinc-oxide powder into briquets 

[J -«— ^i" J-°^& x i" wide x 1/16" thick at between 1000 and 1500 p.s.i=. The briquets 

u were then baked at temperatures ranging from 1000°C to 1200% from 70 minutes to 

f _--i '•--,   ei hours. Typical baking, cycles are shown in Figure 1. It was found Bjcperiment- \ 

X% ally that significant increases in forming pressure did not noticeably increase 
?? -        - - - 
Ü       the sample density but did cause an increase in cracks and shearing stresses in 
t:,   •   ~.   ' ~ -•.-"" - 

ö ^^~-^Ahe .sample, bußauae :0iL uneven _packjtog_ of _the powder. Samples baked within the tiue 

JM      and temperature schedule given ranged in roea temperature resistance between 10 
3 

fe* 
% "and 10- ohms, the resistance decreasing with increasing temperature or time- 

•I* 

? ! 

-Sssaplss baked for short times „or at low temperatures did not sinter into the 

typical china-like material and do t^iibit room temperature resistances aaove the 

megohm range. Samples baked in excess of ISOO^G possessed extremely high conduc- 

tivity because of the large amount of interstitial zinc formed and tended to 

react with the usually inert furnace support» which consisted of an alumdum 

plate« Neither type of sample, exhibited measurable photoconductivity. 

. .After baking., the.„samples ware polished into rectangivlaTparäl^^pJ^ede^ 

and were dipped into nitric acid to remove the yellow surface layer formed by 
5 14"         '.->:".                - -         __ _ ^_ -_. 

polishing. :'   After washing and drying, the ends of the sample were electro- 

plated with nickel, contacts. Leads were soldered to the nickel contacts with 

Wood's metal alloy to' avoid changing the sample .Characteristics by local heating        ' 

during the soldering process.. -_"_...""""".   ._.__. . ; 

Several impure but co&orless single crystals which had been obtained 

fgjom accidental .growths in commercial furnaces used for\the__prdd;ucM.en of zinc- 

oxide were ölectröplafcedjfrom a cyanide- solfction-^iwi'th copper contacts to. which ; 

* Obtained from New Jersey Zinc Company, Palmerton, Pennsylvania. 
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conductivity leads were soldered in the manner described above, All samples 

showed less than 1$ change in resistance upon reversing the polarity of an applied 

voltage.  .    "  . -,'"._- 

The samples were then cemented* to a thin layer of mica attached to the 

copper ojiouitui i/u« ay>3vwjui ouunAi;.!« «j.g,«*'» ~ «v ^».^•.- -0,.«-». •„__»»_ .—„_„_.. — 

sample temperature was deiemined iby a chrbmel-aiuiaei the^öööüple attached to «- 

dummy sample äs shown*. Au axtomal heater ushich fitted into the air reservoir was 

used to obtain temper at uxes intermediate tp room and7Uqui:drair temperature 7" 31 

fore-vacuum was maintained to prevent condensation on the sample. 

Several samples showed an increase in resistance during cycling between 

room and liquid air temperature.. (See figure-5) A tentative explanation for this - 

effect is that cracks or deformatiohs we±e produced in the sample by the thermal 

strains induced. ~" " 

«Another interesting phenomenon was a "slow increase" of resistance of the 

samples of the order of 8 to 15 minutes half-life after the thermocouple had 

indicated that the samples had come to thermal equilibrium with liquid air temper^- 

ature in the dark. (See Figure 4) An interpretation of this effect xvill be given 

in a later section* 

With suitable precautions to minimize the effect shown in Figure 3 and 

to ensure complete equilibrium^ the conductivity was measured as a function of the 

temperature by. cööling the, 3_^iKes„-*o-liquid "äir. Tempe.raxuresi<_ anä:Tnen measuring 

the conductivity in the dark during the slow reiuen. to room temperature. Atypical- 

set of curves for sintered material is shown in Figure 5. These curves parallel 

those found by Hahn oh sintered zinc-oxide, «fe are thus reasonably certain that, 

we are dealing, with an n-type semiconductor of fsrbidqen gap width about 3 ev, 

Bakelite Subber Cement 3C 6Q5E,. Bakelite Corp., proved, very satisfactory for 
the room to liquid air temperature range* >• 
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£3*   II» y^otog.ongujgjbl^'ty. of Zinc-Oxidei 

- Photoconductivity occurs in a Material when incident radiant energy- 

liberates charge carriers which are free to move in an externally applied electric 

f ieia* Experiment ally, photoconductivity manifests itself whenever the application 

of radiant energy to a material causes the passage of charge (or additional charge) 

in an external circuit applying an electric field to the material. 

...     ._ünäers,tanding_pf,.thf internal,jjrocesses^of varlpus insulators, evg.. HaCI, 

•Ü-. 

&i 

KOlj AgCI, and semiconductors, e,g«, CuO> Si* Ge, PbS, hus  been furthered by the 

study of tto phoboconductive effect.in these substances.. Particular success in 

interpretation has been achieved in the study of alkali-halides which was initiated 
15 IV    ~ " --—_— -_ 

by Gudder and Pohl? * . Less success has been attained in the investigation of 

- - '•  ' 16 "-' '   ' ' other photoconduc.törs,,, e.g. PbS4 OdS*  —- — 
V 

The existence of ä photoeöndnctive effect in zinc-oxide was first mon- 

17 tionediy Gudden and Pohl-  in 1923. Later mention of the effect was made by de 

Boer and; Verwey18 in 195-7, but the, first quantitative interpretation xvas published 

2 ' " 7 

by Mollwo-and; Stockmann • in 1948.° .-..•--        - 

„ .   The latter investigated the photoconduetive properties of thin (.01 mm. 

tp ,1 u thiqk). white and yellow layers Of sine-oxide produced by deposition of the 

oxide.jb&PLja blast, flame into which zinc was, evaporated« Thev found a orocess of 

Sl .     photoconduetive rise and decay in which the half life was of the order of seconds 
...Xftl.Jil _j£ r j *  ___**__  . l"_^-_ _"__  „• .._-..     „ =._-_• _ -     ..-..    „___^    V...  ._-., .„   _ a ~. ,     _  ......  .„ . ..-,  . ,.„ . .L -, . _=_.  -   '_ . .. . . ^  

~~\\\.\..~~~:'~.~ _,._. ,""..,.   _..  _P'   ..... ""!."...-   p _..  ........ 1:1." ~  
and in which the response peaked at 3900 A for white and, 4200 A for yellow layers, 

Their measurements indicated that the following laws were obeyed; 

I. Por the current after equilibrium, with light had been attained 
Xsaturation current):   

_   _•==. .-AArt'ck    £     &*-   3- %.. -•==• const.... i^ B .' .      Ü). 

2'. For the initial rise upon turning on the light: 

^ AiÖ = .const ., i. B 

*<•*- . JrT * >•> -..--.. „•»"*.. -w .«. "Z." "'" ~,V«rt » ^v^**fytWCSyS?^f-"j'JW.--5"« J Sr'vri J"-.-. ^M!?!??? Tw.5 ^"»P'" •"°T5,^5^irTr*Tft*'i ST!^", "^fÄMKS T^?I~'*?!? 
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X) .3. *or the initial decay upon turning off the light; 

where i- is the ohötööonduetive current, "i^ is the dark current and B is the 

:fi 

IL. 

incident light intensity. As will be demohsti'ated later, a dependence of i^ on ^ 

1 As 
_B/j does not fall within the framework of any of the usual theoriesit but Möllwo _ 

resorts to a catalyzer in his rate reactions to give this result theoretically. 

'__-  Moiiwo and Stonkmänn alto three reasons for using thermodynamical calcu- 

lations rather than quantum mechanical calculations-. They are; 

1. tho photoconductive theory is concerned with carrier concentration 
and not With energy considerations,. 

2. the disorder levels are identified chemically and thus qualitative, 
i.e., band-model, demonstrations ere not necessary, 

3.. since the first approximation gives a sufficiently accurate picture, 
there is no heed to resort to wave-mechanics.. 

Their fundamental process is thermal ionization of interstitial zinc 

atoms to provide electrons for the dark current according to the. reaction 

Zn   t££Säy  Zn+ + a-." """ 
- • • . <-'•••< -~~ 

The incident light then cause's the. reaction -"*     . 

•7+        optically - „++    .- - 

This reaction is assumed to occur only at certain favorable positions, such as» at 

the layer surface, so that the. observed effect is cut down by the ratio of "effec-r.'. -y- 

tive" to "actual" cross section, Further- the speed of the thermal reaction is 

-UkJ klUlUyiA     -JVM      -MM-       J. i_l^, gjj'v*       .V ViUMUX^W.Ui,    -.UM-        -UJUlU.U      -W.k.  -     VUV     -.W.U-UJ.yUib       *fc UUW-UJ.VU       i_-^_?    -j   MJ ?,« t"  -• VilW    . JkiV/JriUyJ.* 

is always an equilibrium reaction.      - - 

A  catalyzer of concentration X is assume«! to be produced, which, can affect 

the spöejä of the" optical reaction in either directionA_ 3* £s proportional to• 

a,ö fix 
ift   •' -... anä is; independent of the illumination B,    Thus. 

V . -i. + _i     rvh+.i-ri»T1 w -»-+ 
o. .4. *W" 6        *       as. zh1- * x ÄÄky 2%^+ * 

« 

•«b^r 

~-iTL(.-ijf*i!fr.-'  :  TrfiVs   .? "äRäS^?* **r • ap,ww-j"i|Wf»*i'«' '"'P^P• 
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mhcre it is assumed that the production, of catalyzer is so fast that X is important 

even before the current has reached a stationary value«. Mass reactions are then 

used to obtain expressions for the current and slopes. 

-"-— ~:  it is- ciaimed-thaiV the catalyzer'might be able to be replaced by a 

proper selection of constants or by_ ässumiag that electron diffusion is important 

during illumination, me agreement of the-thermodynamically derived equations with 

the rise anfiWLecay- S5iS^-S; is excellent«. ;j -._-_..   j .: 

-, The experiments to be discussed in this paper were mainly perfc i>'vxiuvu 

compressed sintered zinc-oxide prepared in the manner described in the section on 

the properties of zinc-oxide. 2?o£ convenience, the data will be divided into two 

sections, the first on-rise and decay curves due to single light pulses* and the 

second on measurements-taken with modulated light= 

ft s 
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The measurements to be described in this section are similar to those 

takan by Mollwo, "but cover a; wider range of time variable sirtcs it has been found 

thai "several- processes having time constants of different orders of magnitude 

~~~ ~' •- boeys* eoncasiitantlyi , , „... .„ _. .., .__      .., ._    /„,.__„_. .. . _.,^.__...  

Figure 6 shows the experimental arrangement for measuring the, slowest 

„ __.- of these processes., A IJheatstone bridge ,havin;g a ife volt working battery IsjuScd- 

GO measure the „resistance of the sample. A tungsten filament is imaged on the 

- sample in such a way as to fill completely the surface of the sample with light 

in order to avoid spacer-charge and diffusion effects which might be caused by and 

U-fcöU 0£'<J'±    CpnOOnOi'ttulOn    gL-aUlUU*     J.U     WIU    J. lUXU    Uil"OU»AVü<-        J.ÜU     Auuojuai.»jr    v*     a-j.j.u»ij.^.ü 

. - ation. in the image is determined by means of a Farrand Radiation Thermocouple... 

The possibility of an effect at the metal-semiconductor interface on account of 

-„,„__  light en the contact has baen excluded by performing experiments in which the 

^»—L^-   contacts were, specifically shielded from light j _%\ was foundjthat the response was 

independent of the contact illumination. - 

,,„,... r  . -..... In operation,,, the sample is allowed to come to dark equilibrium for a 

.. „ _.  time Of the order of days. The shutter is, then opened, allowing, white light to 

fall on the sample.. Resistance measurements are taken at regular intervals ef 

time. When the sample resistance has approached a saturation Value {in a time of 

the order of a day), the shuttär is closed and the decay is measured as a function 

of time. „_ 

~~~[ The incident light is then calibrated by replacing the sample with the 

radiation thermocouple and the.shutter with a rotating-rseeipr disk which chops the 

light at ten cycles per second. The thermocuple output voltage, is then read from 

a 10 cycle narrow band pass amplifier* with low- input impedance,. The thermocouple 

* E:igh--Getih Teh-öycle Mplif-iery Modul. SgB.? Ele et r ö^Mochahicai Research., iH'c...... 
fiidgefield, Gönn.., A fuil-.scaie 'deflection is obtained with lO^8 yölts M series 
with a 20 ohm input circuit. Band width; 1 cycle at half power points. 
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;, ^rL . has a calibrated response of 4.3 volts/watt. In this way the incident intensity 

may be determined. 

Measurements wore made at room, and at liquid air temperatures, the latter 

being carried out in a system as shown in Figure 2. A typical curve is shown in 

: v.   li gare 7. « In this .plot the, sample was init ially at & dark conductance indicated _ 

". . by the point.A. After 30 minutes of .illumination, the conductance had risen to 

a value indicated by B, at which time the light was turned off. The path of decay 

for the following 30 minutes is indicated by the curve B*.C. 

"Ehe slow rise curve of a sample at liquid air temperature is shown in 

• Figure 8. The lialf^life here is about 25 minutes, as closely as can be determined 

f 

"I • 

from the scattering of the final points. 

Simple considerations,^ as will be shown later, leaö, to the conclusion 

that the rise curve should be exponential for "a. monomoleculai process, i.e., one 

in which the recombination rats of free charge is proportional to the free charge 

Concentration, and hyperbolic tangent in form for a bimolecular process, i.e., one 

in which the recombination rate is proportional to the square of the free charge 

concentration. In like manner, the decay curve is expected to be exponential for 

a monomoiecular process and hyperbolic for a bimolecular process <. 

Repeated attempts to fit these curves with such functions have failed. 

An examination of the rise and decay in more" detail, however, indicates that a " 

combination of processes is occurring rather than a single process. 

Let us examine the rise curve of a sample (11B). figure 9 shows a section 

of the rise curve of this sample plotted to 50 minutes.* As mentioned above-, attempts 

to fit this curve with either ah exponential ör hyperbolic tangent have failed. 

Let us assume that two processes are involved, a. long time one and one of much 

v shorter time constant., A hyperbplic tangent is linear for small arguments., hehce it 

*%.   would seem justifiable to approximate the. contribution- of the, slower process to the ; 

'observed current by a straight, line, Who actual determination pf  this linear'',    u     ". ? 
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approximation is an art conditioned by trial and error. $uch an appro-aaxaatioii is 

... i&own by ~,fche straight line in Figure 9 which separates the^early part of the rise 

fro&.the later.    ... . ••_     _'   ,... ...   . _.:.^_   _ ,_   ~_^; 

Figure 10 shows the complete rise curve of sample 11B with the linear 

; approximation replacing the experimentalpoints in the.fir at 50 minutes. We note _ 

that a hyperbolic- tangent curve with a half-life of about 38 minutes fits, the _ 

curve to the .ords« of.accuracy of the experimental points. Thus a slow bimoiecular 

process of 38 minutes half^iife seems to exist in tne rise curve of this sample« 

What about the earlior part of the curve? Figure 11 shows the residue 

„in Figure 9 in a-semi^logaritbmic plot, as a function of time« ihe~ closest fit to 

.the experimental points is a straight line representing ah exponential having a' 

-time.-constants equal to. A.£_minutes. . The . f it on,a linear plot is; shownjLn ^i©ir^ 

IS.. Thus a monomölecüiar rise having a time constant of about 4.6 minutes seems 

to share 'Concomitantly with the bimoiecular 38 minute process in the rise curve 

of this sample. It is not certain whether^ a process occurring „in the order of a_ 

minute is also ef£ectiva here-J The effact of heating ex^pe^sämple by the light-r 

source may be the cause of the divergence of the experimental and fitted curve in 

the first minutes of Figure 12,, since it is estimated that about ä minute would be 

necessary for the sample to come to equilibrium^ or another process may exist» 

Experimental facilities to record the response more accurately in this time range7" 

were not available at the time of the experiment. 

• It is now of interest to determine whether such ä resolution can be 

effected on the decay^ since if. two mechanisms occur during the rise of photo-? 

conductivity the decay should, also show, such processes * Figure 13 shows the decay 

of sample 11B- plotted äs resistance vs? time, counted from zero at the instant Of 

turning of f the. lights. .Neglecting., short-itpies,, the straight line fits tö the exper- 

imental data ä curve linear in resistance or hyperbolic in conductance. Figure 14 

shows the. decay plotted as conductance, versus. time.- The- half-life' here is 51*7 

^^^'^^^^V^'^^^>77^^'^^'I|W'1 w»^,-,^WJ«c«gg^JOTiirww»^^ 
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minutes as compared to the 38 minute naif-life of the bimoleeular part of the riss 

process.. «_y" the decay half-life should-be longer will he indicated-in a later 

section. 

In fitting the curve of Figur«' 15 s the early part of the decay was 

neglected. 'This section should now be examined for evidence of a shorter mono- 

molecular process^ - ---- -- .-" -r-- —— ------— -..—:•_,,.   . . .- . ..   _______— 

Figure 15 shows the shorter part of the decay on a semilogarithmic plot. 

-The straight line represents an exponential having a time constant of 5,5 minutes,, 

Figure 16 shows the match of the experimental and fitted curves on a linear plot. 

Again we note a divergence of the fitted and experimental curves which again rai-e0. 

the question of the possibility of a process of the^ order" of aminuter 

Thus we can conclude that for tms sample two processes of the order of 

minutes are Observed: a bimoleeular rise and decay of half olives 38 minutes and 

.51.7 minutes, respectively, and monomecular rise^ andTdelcay with^_me~cöhst8ltsT"_ 

4.6: minutes and 5.5 minutes, respectively. The possibility of arise and decay 

!DEpjsejäs_of_iime^ excldiäecL, :   .. . ,  

__•«£ 

Byway of further illustration, Figure 17 shows a rise curve for sample 

80 to which both an exponential and a hyperbolic tangent has been fitted. In this 

case,, the experimental curve did not cover a sufficient number of half-lives to 

make" tha difference, apparent. -The proper curve, of course., should be the-hyper- 

bolic tangent one.,, but here there is no significant difference. The half-life 

here is about SO minutes., but this value is doubtful since the curve never achieved 

saturation.. a •=._-•••*--. - - -   . -,  r- 

Figuro 18 shows a plot of the difference between the actual, and fitted 

V* v*jJ. W •_-•#»-,  x<__  WVlUX   -.VW £-£_&_.-. •*• WJ-**-AlL.~V  j^1_tj:;/'-'-K- ©     -_.-_._W  l_" U-UA^^,-fciy  _______>  A-y^/j.- C*MViA*W W   _U-A  W'A^'-/--'•- J_i"U ^.GL-—.  vJ- 

"time v"onstaht 3.i6 mihutesi.   "Figure 19 shows a plot of these curves on linear paper. 

Tiiug'aggin" v/.e. see here two pröce.ssgs.,  a slow one with a. possible half- 

life of 8&mfnute;s end a faster exponential one öf t'i__ö •D.onsirant 3» 6 minutes. " 
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The difference between the,fitted exponential and the experimental curves of the 

-rise in Jägura .19 j^^plotted_inJPigu^"2^_aQd^Sl. It is seen here that if a 

still faster process exists» it would seem to he exponential with a tiiae constant 

of. the order of 0.74 minutes or 45 seconds. The fact that Kollwo and Stockmann2 

jüade their observations on a process occurring in the order of seconds in evapo- 

rated layers of zinc^-oxide implies that such a process might exist here, also, in 

addition to the others already described. 

It might be pointed m?* here in this connection that Mollwo mentions in 

his first paper that long time changes in the photoconductivity were obseirö-sd in 

tha evaporated layers. In the third paper of the series .a guess is made that this 

effect might be explainable by photochemical dissociation of the. zinc-oxide 

lattice. 

The phenomenon of long time effects in the photoconductivity of many 

materials, incidentally, is a:-long known but poorly understood effect. See, for 

example, the discussion of Mott and Gurnqy1® on the possible effects of space 

1 --  - - charge ©n contact potential barriers, in insulating crystals, the .dlseusoiuju uy 

§       Rose20 on the effects of trapping and small capture cross section in hindering 
'-n 

sß 

p;?-SB 

(, 

SI        ' 
recombination, and the recent work of Chasmar and Gibson  On explaining long time 

effects in lead-sulphide cells by oxygen or sulfur barrier layer models'. 

It would be of consiQer-jible interest to determine the. response that is 

due tö each of these processes Using as parameters, temperature and incident radi- 

ation wavelength. Because of the overlapping of the effects in t&ö photoconduc- 

tivity curves,, the large amount, of labor that needs be expended in resplV&i the.se 

processes precludes making, such a study at this time. 

Figure 22 shows the- response in sample 11B as a function of time plotted 

for three-different bands, in. the, visible.; Since the.sam.plo was hot allowed te 

return to, complete .dark equilibrium ;{'a .matte.g takSg days, at löäst,),, the äbelssaes- 

of the curves are shifted fr-Offi hprinehtai.? The important points however, are that 
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the time constants retain at least the same order of timo, but tho overall response, 

which is dominated by tho slowest process, is about 100 times larger in the blue 

than in tho red.. 

- In order to determine whether processes of the order of a second nr less, • 

existed, an apparatus such as is shown in figure 23 was employed.- The light source 

was a General Electric Street Lamp lM/6'6 run at an overvoltage in order to obtain 

a filament temperature of 52Q0°K. A system of lenses was arranged to obtain the 

host possible aperture and to focus tho filament image on the sample D.D. ordJv to 

obtain tho ma^itaiim amonr.t of light. In the first experiments a coast vat voltage 

soiree- was v?od ;tn conjunction with ä matching resistor in the sample circuit. The* 

voltage from the matobing resistor was amplified by a ".?idj -bahdrKoWlQtt-#ackärd 

3ü.cd.3l 4CA amplifier. The amplified'-signal was then projected on an oscilloscope 

and the resultant traces were photographed. Figure 33 compares such traces, with 

-bho output of a photocell replacing the sample-matching resistor circuit and also 

shows tho, linearization of response with decreasing illumination intensity. (The 

-lii/T^.—j«W l/.L"-iu.ViO D    CtXÖ    ituü-   uv    ovqXO« / 

Figure 24 shows a reproduction of a curve taken,when a constant current 

was passed through the sample and nö matching resistor was used. The constant 

current method was effected by using the sample as the plate load in a pentode 

circuit. The duration of the flash in this, figure was 2.-.5 x 10"2 sec. It is to 

be noted that the rise curve approached saturations" aitnougti this is. not definite 

because of noise-..-In- like -manner,- Figure ..25 re.prnsents ä photograph_of_the response 

taken /rner. theT flash duration/y/aö~1..7>2 ä .10/"--' sets-; ' ~        -" 

It should be: mentioned here that this method of taking the response with 

a rotating, shutter did not "allow the sample to rü-ty-vn to a dark ö(jüilibT±w!r'uötwoüEr ~ 

flashes. An arrangement was later devised, as depicted in Fig'ore 28,. which' allowed 

a wider spacing Of flashes,, The flash timo of 10"^' see; was- about the shortest 

•chat could bo produced with our mechanical, system of a high- speed motor and a    "J ' 

.-vr.^./ «7.—«.: .;; ^ v>-^;,„% J :i 
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shutter of twenty holes. In order to retain a gooa aperture a shutter with many 

more openings would have been of very large size — 2 feet or more in diameter. 

Some consideration wä»': given to using a i'err Gell, but again, because of the need 

for high illumination, and because of the) light losses involved in making a suit- 

able arrangement, this protect was abandoned. 

. ^ The fact that the curves, of- Figure 24 and, 25 show curvature indicates 

that a process of IGT5 seconds or faster occurs, i.e.,, if the curves shown rare 

duo to tracing a small part of the characteristic of a process involving timo 

constants long in comparison to a millisecond,,, a sawtooth wave-shape would be 

expected to bo observed since both monomolecular and bimolecular characteristics 

are linear for short times. Qn the other hand, processes with very much shorter 

time constants should yield a square wave as shown for the photocell output of 

figure 23. 

The arrangement shown in Figure 26 allowed a longer time to elapse be- 

two en,flashes of light on ths_samplo.... A tungsten source, operating.at about 5200UIC >Ot 

wa.P   Jjuaguu  uuyu  zxu «ujuovauJ.«   OJ.AU.       Ali»   xmagu   wi    OJH^OU i>:  i»ijs_: uiicu  iUBUSgcu  uu 

the sample with a rotating mirror interposed in the light path. Rotation of the 

mirror then swept the rectangular light image across the sample once in each 

revolution of the mirror. Since the ssmple subtended only about 1° at the mirror, 

the light flash occupied only 1/560 of the whole cycle, allowing time for the 

sample to return to; dark equilibrium. Further,, since the width of tho sample was 

about 1/10— the-width of the light imago, only about l/lQ**1 of the initial rise 

•or decay was involved in having the leading -.-r  Or'trailing -<- edge, of "thö image 

traverse, the sample'; thus quite square pulses of light were effected. 

The motor was controlled in rate of rotation, by a variable^speed thyrä-tron 

control circuit.. Single., swoops were used in observing and photographing the curves 

•and' triggering was effected hy reflecting peft of the kaage bäcE tö a photocell 

whose output was amplified and fed to the triggering circuit of the osct'll'öscope. 



^3—fl   »y^aa   *       art    •••'"    —r",vv __"   . .,    V. cr      r       '-'     nJeSJfiy.   , .i-,*n •. ,",^i   .a.    .,  II rii'i- 

*  5 

Curves could also-bo taken from a complete light-on or light-off position by use 

of a hand-operated shutter in the beam when the mirror was left in the stationary 

position shich allowed the image to fall- on the sample. 

The observed curves were quite similar to those shown in Figure 24 and 

25. Unfortunately, the intensity of the light was not sufficient to cause satur- 

ation, i.e., pronounced flattening of the__later portion of the photocönflycti'vs. riäe. 

These curves were for this reason not easily adapted to analysis and resort was 

- "jaaco to obtaining rise and decay curves in which the curve was taken from a full 

dark or full light equilibrium position. 

In order to obtain sufficient detail in the, decay curve, for example, 

the following arrangement, was used., A type 304a Dumont cathöde-ray oscilloscope -" 

I       was employed. The sample circuit Was connected to the D„C« amplifier section of 

1       the oscilloscope in series with a suitable bucking voltage circuit. A recurrent 

E   ' "  . 
I"       sweep was used with square-wave Z-axis modulation .to provide a time base. See 

I "  *' '. Figure 27.   . ;        '. 

iL.—.-..--^-^^^^ „time, the, shutter was 

|       rapidly closed. A trace of the type shown in Figure 28 was thus obtained, where 

E       in this case the time between pips is l/lOO^- of a second. This curve was then 

|,"J       replotted in a linear fashion as shown in Figure -29* and could be analyzed, in ä 

manner,analogous to that used for the slower decayj fluctuations as the tail Of 

the curve are Caused by distortion on account of €R  tube curvature. Voltage cali- 

M - brätioji was .obtained.JsJ^^ of known voltage under the game__ 

ri_T^-P-n.»rtÄ.4*.n./^*i  >»rvv\*H^?-rfK^A.i-i.c fit   t^/  •.   .   • .   .   wr i   i.   •  w. i       vW£iUX VAWMW l 

Figure 2.9 shows the Separa-tioh Of a faster process from a slower one 

which is assumed linear in this range. Figure SO shows tho fit of the part of the 

curve due to tho faster process,,, while Figure 31 shows the match of the experimental 
_IL-^_=J ._ .„.  ._" ... __ .'. _^=__..._;.". :\ ,_ _ \ '  
^*a3"  and fitted curve of Figure 30- on linear paper., ./to see that the fast decay hero is 

fitted by a mgnömo$ec.ular- decay of' time, constant 0,8 second. 
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Figure 32 illustrates the difficulties encountered in picking the proper 

linear approximation for tiie slow part of the decay in Figure 29. 'The cresses, 

_ „.,.^&ÜJL- 

circles and triangles each represent an attempt to ?uihearize the fast process on 

a semi-logarithmic plot. Straight lines which approximate the best fit for each 

set of points are shown in the figure. The set of circles'was chosen to give the 

best fit as shown in Figure 31.     ~" ~"       -"- 

Figures 33 to 35 indicate the existence of an exponential decay of time 

constant 0.26 seconds. 

As was mentioned previously* attempts to fit the experimental curves . 

.directly without resort to the process of resolution discussed here always endec. 

in failure. Thus several processes seem, to be occurring concomitahtly in the photo- 

conductive effect.._ 7/c have shown for sample 8D processes having time constants 

of decay Of-0.8 seconds, about 1 minute!?1), 3.6 minutes, and a bimolecular one of 

the order of twenty or mere minutes. 

In like manner in sample 1IB we have shown decays of 0.26 seconds, 

-ixasslblv—one-^ofL-the-order.of a.minute.. ,5.5 minutes, and .a bianolecular proc.ess of 

the order of 52 minutes half-life. 

In addition the photographs of Figures 24 and~25 indicate the $ 

existence of even faster processes. Since the Observed luminescence transitions 

occur in IGT6 to 1Ö"' seconds,^ faster transitions must exist, though it is not 

known whether photoconductivity is involved,, i.e..,. whether the electronsspend 

any time in Jbhe_conduction band- __;._.., 

 ^ considerable, amount of Wörk-.egii-be outlined fQ^pursuing_the^4hvesjbi_- 

gatiön of these-processes further,. :(1) The scope of the investigation-should be 

widened to examine time intervals between 10  and 10"' seconds on the one hand,,, 

and intervals of the order of weeks, or months On the Other hand,. (2); The effect 

of the_ wavelength of the inüid'eht radiation shöuM be- determined' i-n more oLetaxi. " 

(See Figure 22;);  (S) T±ie effect of sample temperature oh the individual processes 
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should be investigated. (4) (The luminescence should be examined in an attempt 

to correlate the luminescent transitions with-•*>* pho:+.0ccnduotive recombination. 

The indications at the present time are that tne abow'program would take"a con- 

siderable amount of tjme to carry out, so that no further experimental work on 

this topic will be reported in this paper. We now turn to the data observed with 

ten cycle shuttering and finally to a theoretical consideration of all the observed 

data on photocohduction in -zinc-oxide. _   ^ 

^EÖL 

«VJ *V'i»>vfe;?^-^ej.js:.,.^yi.'^«--^'*i "»rtt^s^Ä^.-.. ^~^•~-^^-**&&**&?&-r*<?.. ^-"r"««•«^r~g**T. -.xir^T' 



JW^W.^Sj^^U^^^,*,.^^?^;j^rj^.r»»r^^i.^,^^^in ••^n^-N^  •-?•  -•     '•• nTn^  "   -•   ----   -,r»r~v   "^     i-S tlrifa^. **-~ ^^.^-.tp.  ..    .,_i>n        •fliHB^i.Ag'Waia& ^ «.--«i-. 

-.17 

T|   •J^° l^ultjjgd~Ii|.iKb.ti Measparements 

determined for several reasons,    one of which is that photoconduetors with 

fast response are desirable for various practical applications. Second, the use 

of modulated light allows the application of methods in which D«C. drift and 

backgrounds are eliminated, and third, the high amplification easily obtainable 

in A,.G.»_ methods can be employed. Fourth, the modulated light may provide an  

easier method for examining the kinetics of a photoconductive process. For example3 
22 

Lashkax-e.TT  has employed aii alt6i"üating-*cui-x-öut bx-iugw siwileu- to thus« tau^'lu^w: 
I -  - , " . 
I       in examining barrier layer properties in the. hope of determining the number of 

23 impurity levels involved in the photoconductive process., Fassbender  attempted. 

~     to use the A.C. response in cadmium sulphide to determine the mobility of the 

| * ; :   conduction electrons» 
I.1   f-      - - • . • 

The experiments on zinc-oxide to be described here were derived orig- 

inally in the hope of eliminating the drift on account" of the slower processes 

while examining the faster response of the material and in the hope of being aple 

to obtain data which would be easily interpretable. 

The first experiments of this type were those ;shown in Figure 23 with 

the results shown in figures 2& and 25. later experiments were performed, with the 

refined apparatus of Figure 26-..  _. - „ - 

Figures 38 and 57 show plots of the relative response measured on a 

Bailantine V.-T-ViM. as a function of flash duration'and flash frequency, respec- 

^tively, where the flash duration was equal to the time between flashes.. A discus- 

sion of the .significance of these curves will be given in a later section; it will 

.,«,_., 1>Q shown that these curves imply the exi-stetiee. of processes with, time constants of 

dteh  . -..the-.order^ .of milliseconds± .',..   .__,. . ^_„_ „. „__J .    

•§• ^e bulk of the; work performed under this heading was done at ten. e.p.S'.i 

1       primarily because excellent ten c.p.s. narrow-band-pass amplifiers wore available.* 
!"!       _.---__ — _„„_.„»_„._„ _____„_„_ — - - - - — - - -   
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The arrangement of the apparatus is. indicated s 3hematically in Figure 38. 

The light from a tungsten source* was: rendered parallel by a lens system and then 

—a- .3. .—.1- -. •—..*. passed through one or a serxes~oi inxerxorunc« Tm-iär», • ^TOiAuu etpjyiUÄiiucn,öj.j 

möhöchfomatized-the light., The monochromatic iight was then foeussed on the 

sample by additional lenses, The sample was connected in series with a dry cell 

and a matching resistor. The output öf the matching resistor was fee to the high- 

impedance 10-cycle amplifier. Calibration of the incident light intensity was 

effected by means .-of the radiation thermocouple and low-impedance 10-cycle ampli- 

fier previously described. Due to tho narrow band-pass of the amplifier (+_ 1 cy-^e 

"at .half-p^oweTpo^tsTTnermai", "contlct^liüd pickup~nö3.=se was ^rgelyaWfäääT   " 

For measurements outside the visible range of illumination a quarts 

mono chroma tor*** was employed. Attempts to observe photoconductive response in 

the infra-red using a Nernst glower or filtered light from a carbon are did not 

succeed. Occasionally a constant-current circuit was used as the source of sample 

--current, obviating *ke neQ& for ä matching resistor, but since the curves obtained 

.using constant voltage always have the current directly proportional to the con- 

duction-band electron concentration the constant current method was abandoned. 

Figure 39 illustrates the validity of Ohm's law in the samples at room 

and liquid air temperature. Figure 40 shows that the shuttered response at either 

temperature is a linear function of the impressed D.O. current-(or voltage). 

Figure 41-indicates that, the 10 -C...p;.j3. shuttered response is ..an approximately-., 

linear function, of the illumination intensity. (This experiment was done by em- 

ploying the inverse^square law, although other methods of using neutral filters 

H 

of wire screen were devised'. ) 

. *.. .G,.E*.IM/JS1._Stiegt lamp operated at an oyervOltage.   _ ,    

**    FJarrand' Interference Filtersy Farrand Optical Company s. Bronx Blvdi •ane. East 
238th Str,"M..T. ,6'e, .N'.Y:,    Feak yalue +5 M nominal value,. Half banx!>width 

 i& mu tö; W :m|i.    liak. transmission, of~2Ö$>'to- 38$*    A series of 8-filters 
cohering the visible; was used..       _ 

***• Bausch and Leah -Quarts ?r.isi!i MonDChromatnr #3814= 

l f.r s-^s^Ti J. g^vr-•'' •«i?»»,rt'i*v,      ^ «c^-»^r?w-jp-u*--r-z^^r^^- -^z a^^s.« '•- '«v •» ""' ~— ",'j.-*^^^"ir^j*^!r(r'?«^fWWaJLB** 
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Figure42 shows a typieaX response äs a function of incident wavelength 

in the visible region at both room and liquid air temperature,. He note that the 
o 

0 -   o 
4000 A*  (The bump around 6900 A is thought to be caused by ieafcags of shorter 

Wavelength radiation through the edges of the filter concerned.) It is also of 

4r,*a«00+ +rt nrt+° *>ia* -the Tasip-nsa is «ot sisnif ioantlv different at the two. tern- 

peratures, and that the response is still not negligible at wavelengths as long, as 
o ,- 

7000. A.      : • " * ' "' -      " - ~ . • ' """-- 

Figure 43 shows: a typical response curve extending into ehe ultra-violet. 
- - 0 

Sie region of wavelengths shorter than 3500A is suspect; the plotteä valuers may 

DO due to funöamontal {.lattice): Absorption .or due to noisg.'because Of the insen-v . 

sitivity of the thermocouple used for calibration in this region. The important 
o 

thing is the peak at 3900 A with a tailihg~cff of the response into the visible.. 

Figure 44 shows ampng~other things, the shuttered response compared to that-obsnr- 

, ved by Mollwo statically (not to scale). It is to be noted that both peaks lie at 

.3900 A, the position of the_absorption edge. 

For the sake of completenessja curve of the response at liquid helium 

temperature is included here (Figure 45)^ although the experimental conditions wore 

not such that much faith can be put in this measurement. The sample was immersed 

. in liquid helium in a double-?BeWar system. The light was passed in through-un^  

A. silvered slits^On the Bewars..,_^fortunately, the. bubbling of the outer liquid air. 

by interrupting the light beam, caused the measurements to be noisy and it is not • 

1        certain that the power dissipation, in the sample did not exceed what is considered 

to be tho maximum allowable for this sample, to remain at helium temperature. A 

helium cryostat for making better measurements was built, but has not been put in 

working order as yet-. In any case? a response was observed which again increased 

toward the, afts&xptipji e.dg&?...but. .the- :£elativ:e_he.i'git o.f the.pe^ with respect to; the 

tail region was ies..s.  J ..:__. 

^-"^TT-n-^" 



r 20 - 

Shutteredexperiments wera also performed on colorless,. impure«, single 

w   crystals* of zinc-oxide. Long-time photoconduotive effects could not fee observed 

  in these crystals, since li^t intensities sufficient to cause a conductivity 

change in the crystals also warmed them appreciably.. Noise,, presumably at' the 

contacts, was also present at a much higher level than that observed in the sintered 

specimens.. Figures 46, 47 and 48 show respectively, verication öf Öhars law,-^  ; 

response to blue light äs a function of impressed constant D-.C. current, and 

response per volt as a function of impressed current. The last curves are close 

to being flat« Figure 49.shows the crystal response per volt-as a function of  _ 

incident wavelength, the response increasing toward the absorption edge. Fox^^-_ 

parison, the absorption curves of Moixwo on sintered material and of Melnick on 

these crystals are included. 

Sec;. H'&hn.;, reference 5,, page 8&7, especially note 18. 

-»t»w-^>.r•f.s^»r — 
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24. 
Before summarising,, one more experiment should be cited here. Russell^ 

found that illumination' of a sintered Sample during Hall measurements changed the 

conductivity by-the expected amount,,-but the Hall coefficient was unaltered, Shia 

can be interpreted in two ways»~~ Since TL.Ü~~lx,  where R is the Hall constant, CT 

is the conductivity, and ti-4s the mobility, u increased proportionately to (J~   ; 

2.-;. since=;the Hall effect measures theJbulk properties of the material, wheraas 

the conductivity may measure surface or barrier layer properties in an inhomogeneous 

laatorial, the photoconduetive effect may be a surface or barrier phenomenon. "Eb.is 

point will be discussed in more detail later. 

In conclusion then, three processes definitely coexist in the photo- 

conductive effect, of the order of a second, 5 minutes, .and 40 minutes.- Evidence 

is also given for the possible existence of a 1 minute process, and it is. thought 

that processes may exist with time constan+s of 10 " or 10  seconds.and KT6 or 

•M 10  seconds. (The latter would explain the luminescence transitions.) Both 

jj| single pulse and shuttered measurements Indicate an enhanced sensitivity toward the 

« • absorption peak. Shuttered response is not significantly dependent on temperature. 
-fcj -       _                 '           ' -    . 

\,:\ Wo shall now attempt to give a theoretical interpretation of the observed 

Ö - data«  '                        - '" -                       '" " 

S3L 



n 

f 

m 

-   '     " -     " -' "" ~   """ "" "- '...;.."  ""   .._"..  .""~./.: "".13 

"---—-      -.:-- — - -•-•68-  ---        -     " -  .—   -• 

^?S.    7i.    Theoretical Models of Photoe6ndü.ctj:vit.y 

.„^  ...,_,. ..^        in a typical insulator or semiconductor one has a band-model energy 

i-i      . diagram which in its simplest form is as shown in Figure 50.    The model contains 

fe—^~ ——•ä^flired^uäüd' CGüsisting of-s-tates. which are non-conducting because they are filled,, 
vr -     '-       ' 

f. ä conduction band consisting of unfilled states, arid ?. forbidden energy region 

;;•'! ...     between the bands in vdiich.no energy levels exist in the. case of an insulator or 

M -.Tliiuh contains only states associated with impurity atoms in the case of an 

\ti extrinsic semiconductor*    Electrons which by some means attain energies associat.v", 
? "i •   - -   ' - - '       - 
r1 ° •     '" - 

la- „with the states in the^ conduction band are free to move through the crystal by a 

??•      process of being associated with the energy configuration of different lattice aooms 

j'-      successively. In a similar manner, a deficiency of ah electron in the filled band 

:M can move by the successive filling of the deficiency with electrons from other 

states in the band.. Such a deficiency is known- simply as a "hole", and the process 

., -  . above described is tho motion of a hole through the filled band. 

• , At sufficiently high-, temperatures... corresponding to an energy of the - 

H4 

lii. 

»   -1 -, 

•j. 

order- of the. width of the forbidden region^-eiectronsrcan De exci/ceo. irqp me Biaws ~ 

of the filled band by thermal phonoix* collision int©; the empty states of the conduc- 

tion band*    The electrons are then effectively free to move and the holes may or 

may not be free to move*    The directed motion of either type of carrier is"manifested 

"äalthöT passage of charge through thelmWerllal* TTTlZZZ^IlT Z'^^^TTlT. ^T^'.JL!'.  '~"7 

In a manner almost but not; quite analogous to the phonon process, an 

T^ incident photon may excite'ah electron to the conduction band.    The electron,  and 

",vl} 

d,u .'... 

•->•. 

OS m 

possibly also the hole remaining in the filled band, is then free to move in the 

direction of ah applied field until such time as the electron (and/or hole) is 

trapped by ah impurity level OJ? some- other center-f,  or -until recombination Of the 

electron with a hole =occurs,i Should recömbinatior. ocsur before the ßärriers' have 

reached the. contacts,,, "the total chärgp meaötjreä ip. the external circuit will be 

* A phonon is a quantum of lattice vibrationai energy. A more explicit 
definition may be found in the work of reference. 35. 

nygmvptijgm.^<$*£ pi^-^iau.<j«nmt^n*ytn.n: W.__JT 
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equals to the charge of the free carriers times the ratio, of the average distance 

moved in the conduction band daring their free time- to the length of the sample. 

Should the drift, distanoaj of the cax'riers exceed the sample dimensions, ~tne_'cHärgBr- 

measured. externally is determined by whether replenishment occurs at the contacts," 

i.e. -whether it is possible for the charge carriers to tunnel through the potential 

barriers at the contacts* 

Further, should either type of charge carrier be easily trapped while 

the other type is. free to_mpve., or should the geometry be such that large concen- 

tration gradients of charge of one. sign can occur» the observed --currents Will be 

conditioned by the space charges set up within the material. .-An excellent discus- 

sion of' many such cases is given by Rose,3° who also derives a general but as yet 

qualitative means of discussing photoconductivity in terms of the motion of a 

quasi-Fermi level through various impurity distributions. It is our intention to 

describe much the same type of observed phenomena, through a different approach by 

examining the kinetics -Of the processes involved in photoconductivity. 

-" . - It might be mentioned here that a similar attempt to' describe the photo- 

conductivity .and luminescence in cadmiun -sulf ide has been made by Broser and 

Vfeminsky^5 and _in simpler fashion, by Gildart and Ewald26 on the same material. 

$ Let Us assume the process shown in Figure ,5,0 of an incident rädiätior 
¥  . \ - • 

IT   quantum öxöit jhg jn electron'from the filled to the conduction band. 

For simplicity, and since it is our final aim to describe zinc-oxide 

here, we assume that the, holes left in the filled band are not free to move for 

eng re agon off-anftt-*"?TV- C^he-angumejit. can easily be generalized for free holest) 

The. rate at which electrons are excited to the conduction band is assumed proper- 

tional to the incident light intensity, h.    The rate of recombination of conduction 
- i -        - 

electrons and holes should be proportional to the product Of the hole and electron 
, -^ •*>«••-"// , . . 

Kt:M     \L  concentrations, which are, here equal, n. We can then write, for the time rate of 

£T£m; change, Of the concentration, of electrons in the conduct ion band, 
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where A and B aro dependent ab least on temperature, but will here be assumed 

constant for simplicity. 

Equation (1) illustrates -the typical bimolecuiar recombination process 

in which the recombination is proportional to the square of two concentrations.. 

In equilibrium with light,, the derivative is equal to zero, hence 

h = ( A L)s (2) 
-     B 

.or* since the conduction band concentration is related to the conductivity by the 

rolation 
CT ~ n e p * (3) 

.whore fjr   is the conductivity, e is the electronic charge» and u is the.carrier 

mobility {velocity/unit field), we see that the-equilibrium conduöftivity varies. 

' as the square root of the incident light intensity for constant mobility!    • : 

Integration of (1) for the rise when the light is initially turned on 

yields C -   '"\ 

n = -f B.  '      tanh J yr  £| - (Bt + const.)> 

where the constant 'Can. be evaluated from the initial conduction concentration. 

For the. decay L = 0; counting, t = 0 from the moment the light is turned. 

uxij    <JJ_IV    uuuailis 
,        _-r,—=..- '-'R+-—s-   •onrvQ'*-    IJ;  - --  - —    _    Y'-RA — -—- — 

,  .Where the constant can be. evaluated at t = 0. 

Thus this simple bimolecuiar process is characterized by a hyperbolic 

~7.'     tangent rise \4i)• ,~är"üuüäy o*"hyperpx-lrc form.(Si, and ah. equilibrium, proportionality 

of the conductivity oh the square root, of the light intensity ;(2>). 

On the other hand., cases exist in which a monomolecular recombination 

ffiy     can bo, postulated. For. example^ Figure 51a shows ah n or donor type semiconductor 

in which. N electrons/cm"- are in- the conduction band in the da-rlc at eööie temperature, 

say room temperature. The addition of light then, increases' the- conduction, ccscen- 
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tration, by em. additional amount, a, leaving n holes in the filled band* Or, in 

Figur© 51b, acceptors or frozen-in- lattice defect produce a dark concentration of 

holes I? ..in the filled -bnnd._ For the case of. figure 51a one obtains „for_the coa^ 

auction band concentration,"" - --' ------ ----- -_-^_^ 

"*  ' . *   = 1 JJ — D" v« "r U/-JUI- I©/ 

." at' •-... 

while for the case of Figure 51b, 

•'to » At- B»h(H + n) (?) 
dt 

. .-whore again we ..neglect.. tbe_ temperature effect and assume large numbers of states 

involved compared to the concentrations involved in the photocohductive process 

alone,,, so that A and B! may. be considered constant. If then in either (6) or (?) 

the conditions.% ~ const, ^n are satisfied, we have 

an = A L - B n (8) 
.    dt 

where A and 3 are constants,. 

Equation (8| is. of the monomolecular form since the recombination is 

proportional to the first power of the concentration. In equilibrium with light, 

-A^_*.—~ __ — .   .... _fjaA_L ,  
*- I -u 

and by (3) it is seen that the light equilibrium conductivity will be linearly 
.«_. .-           .     •             ...         .   .                     ,_     __.,„_           ,     ,       . , , 

:Ai proportional to the incident radiation intensity,' 
Ä '-•'•-     -        -          •"     ':''.'.-.•.- 
*J<i -           , For the rise upon turning-ön the light, 

-^ .- - - __. _     _    ;a^-^ 
. . _^..  .                   -    3"        - --- -    -- _    __  _-    .. 

where n(0) = 0. 

For the de cay," X' = 0, hence" 

n = const i e. "•  • - 

where the constant -can be evaluated from n(-0r) where t = 0 is the moment of shutting- 

"the light off. 

Thus in tha simple mönoiäpleculär case one obtains an exponential rise 

. ,{;iÖ:),.,. an oxponenitiäl decay lll)=, and a linear d'epehdlehce of the conductivity on the, 

*.vHimrAA.& «••>iw.jufeg^**''g;yiCT|i*
1
i
w

fp^.'.^««"«^Mivv'.' £•T ,'J,f^m^~- M*e" H"*»*' 
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light Intensity (S). 

Attempts were made to fit either of these processes to the observed fast 

"and slo^rispon3es"of "sinteieC ziac^oiidb 7' yorTnanpi^   the" photographs ox Figures -' 

m and 25 looked as. if they could be fitted with ä single process until it was 

found that the lack of equilibrium .with light.,  i.e., sufficient flattening of the 

rise curve j and the broad trace width prepluded exact fitting by one type of curve 

to the exclusion of the other.   A pulsefl 3-ight method using a harmonic analyzer 

vns then resorted to.    We will now Consider this method. 

The monömolecular form (8) was solved for a square chopped-iight input 

Of the form shown in the inset-of Figure 52» where ^ i-sjbhe pulse duration- and — 

| - 2?  the pulsing period,   using Laplace transforms, we define     ^L  n = y.    where 

% ^ indicates the transform operation.    Then 

# = py - pnn = py (12) 
dt 

where nrt = n(0) = 0. 

dt     -      -° 

 __• "   p nL___s««^      >   x.  !_Ju*\_„                 - 
"from tables,       -£"' Mtj  =     .,— ° , " (13) 

QP  -   +    1 » 

T;  Then substituting'in (8)'yields 

or 

py + B y £ .    ALQ _ , 

_rM=-^~* ^^Mo-~. --.. , . —    - - -   -ti^V 
<2L X-J-c/./ 

Applying.the definition of £^ , we obtain 

f   c+lpO 

n(t)» JL"  I        ..rr..-.ap   . (is,) 
 . 2ffi /__  piBtBiM^ilL- ,__ 

^     v '        Integration is -of!eeted around a "contour cons is ting "of ä straight line 

(gy      parallel to the ord'inatp and c to the right of itjai the p plane intercepted by - 

a. circular arc of radius R con centric; to the origin. 
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There are poles at p == -b aria p - 0 aad singularities at 

p=-Äüisi» =ga. -  --'•-•- 
The integrand does not necessarily approach zero for It-^>CO, but Jordan's 

lemma applies except at a singularity. Thus we*: let R-^ööbut between singularities 

n 

$ 

-S- 

t 

Xli     V119 - J.UUXV-D v**w     -www**-   w-w »•*—••'»«•*-.  

n(t).= ALC 

where <£ g i^n>    Rewriting (17), 

cosÖ„t 
JA 1 

Civ) 

r 31 
u{t) =ALo4fe- e -Bt 

ö<ö 
2     5~        sin(Xünt+ <J) 

,Ufce-BT)       T     n=0       <*$&*&* 

where      |\Y    =   i^f})7f * 

ifter a long period of time we can neglect the transient term in (18) and 

write _ 
n(t) ^ AL. il 

o} 2B 

c?0 

1 
_    2 sinC^nt+|T) 

T    n=Ö     60 n^P+^n^ "\ 
C19) 

Using a circuit in which a constant voltage V is impressed oh a sample in 

series with a matching resistance R and measuring the alternating voltage V* llevelr. 

oped across the resistor we should obtain by (19)- 

y, s    2ÄL0eu^R      ^p      sin.{,^)nt+^.} 2 
n=Ö ^/^" aK n 

(20;) 

J> _  JUl—.- where C\    and ^ are the sample cross section and length respectively, e is t3 

electronic charge., and u is the sample mobility* 

Thus 'if we use a particular light intensity and shuttering- speed, taking 

 ,/_o« JO_V "FT  
measurements of Y' using, a harmonic analyzer set to frequencies W;a 

should give a  response of the form 

eonsi;-. x 

T 

('21.) 

m 
,. figure 52 ;Shows ;&vtypieal ^experimental c\irve with the most, closely fitted 

curve of form. '(2vL;}i    It is noted that the deviations are large, particularly for 

-ft"   -v_. ^ *mr*>m «IOMI MIMMJI *<im U«-« iW»jn\mW.'&*'.,%)Wi» PJ.miiiiu«UrpWüilinr PLUUMW """T 



-JTK     larger values of£i3n,. A Ql&m^e^^^l^^eai^3^3.i3.pö!t  a stiele time 

constant, which is not in. accord with the .original assumptions, but which is in 

« „^^n».^th thP. fact that several processes of differing time constants occur 

m 

The same technique was considered for a model of bimolecülar form as 

exemplified by (1) -.    The Laplace transform method is not easily applicable here 

because the differential equation is not linear, Fassbender23 obtains an approximate 

solution, for the equation 

. . - IE = t u a""2 ~tfn& (22) 

where u here is the absorption coefficient at the incident wavelength« The solu- 

tions are obtained for two cases,, one in which p(   is a function n and constant 

mobility is assumed, the other in which 0( *s assumed constant and the concentra- 

S       tion is related to the current through a mobility which is dependent on the concen- 
i • x. 
ti tration n» which stem from the experimental Sact that n is not proportional to L* 

B   J.      -   in light .equilibrium,, as. might hiL expected fromXg^,.,JDLe„sh^^  

I     - assumed to be of the form   L = L^l+cos^Jt) • 

unfortunately, his solution"is doneTy^p^röximatlFhg by the first twor terms 

of a Fuufier expansion,the.^coefficients: which, were, determlhed exactly in the mono- 

molecularocase,- so the harmonic analysis experiment which depends on determining the 

-higher^ordei- harmonics^co_uld not be. performed.    Tire conclusions reached_by Fassbender_ 

will be compared with those to be obtained from the mönomölecular solution ($8)- 

The. monomolecular model änd Fassbender' s model demand the observed re-^ 

aponse be a linear function of the incident light intensity in tne long waveiengT;n 

region.    Slopes ranging from 0.87   to 1.03 were obtained by the author on .zinc-oxide 

for the response as a function of light intensity in this region. 

In the. short wavelength region, i.e., that beyond absorption edge, Pass-^ 

%J.   ,  bender's model demands linearity for Constant mobility and that the response be pro- 

portional to   L' 0^   ?    for constant recombination, where    B*    ^ ^ß recombination 

—*T" H*W.«'«PM 
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coefficient, i.e., the power to which the concentration is raised* Our measurements,      j 

as exemplified in figure 41, yielded slopes from 1,01 to 1.35, which would iuake 

20 
A^TL.S: or^BUBiBwhere between laonomol^ular .sad: b-iaolecülar,-" (Hose_•_ points out ; 

that a simple combination of monomolecular and T>imblecuiar processes cannot be used 

to get a process which give a response proportional to L" where # <L Ö < I 

over a significant range.) 

Both models demand that the response be inversely proportional to the 

shattering, frequency j Fassbender's model requiring this at high shuttering speed 

at least. (That the monomolecular model requires this can be seen from (20) in 

which the summation for small B and *£* is simplified to 

«•——f y .  i   >T^  i 2 *£ti 

.,-  ._.    V^    ^—  {2n+l)2    ^    ° -p~ 

so that VRMg Öt L0T-) 

Figures 36 and 37 indicate that such inverse proportionality was never 

achieved,, even at the highest attainable shutter speeds, the response being approx- 

-0.6 imately proportional to 60 "u'°= One might expect., incidentally, any slow process 

^whirch^i*S"linear^-£sr^t-iine^cshor-t~oQ^ 

sawtooth waveform whose response would Vary as  1/cO » Thus the dependence on 

Qj  ~^°6 is considered evidence for the existence of faster processes in sintered 

zinc-Oxide. 

A feature of Fassbender's equation (22) which is not shared by the mono- 

molecular equation cited is the inclusion of. the absorption constant in the activa^. 

.-tton term.,,.JEhis. is based.on the assumption that one has "activation from both the 

filled band and from a set of levels lying above-or overlapping the filled band.» 

Excitation in the filled band (short-wave side of the fundamental absorption edge) 

does not give a strong phoioconductive. effect because the activation is confined to 

a small surface layer, leading either to fast recombination due to the high pair 

concentration or to low carrier mobility because of the non^uniform and defective 

..nature- -of practical surfaces. Oh the other hand,, irradiation on the long wavelength 



öide yields low photoconductivity merely because of the low number of impurity 
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levels. The overlap region gives ijiae to ä photo conductive peak such as is observed 

23 2 in cadmium sulfide  and in Zinc oxide.. (See reference and Figures 42 and 43.} 

A comparison of the expected and observed responses is shown in Figure 44, where it 

_. is seen that the observed responses agroe^quite well in this, respect wifcn Jsass-  

~ :behdar4s model;»::':'. -»__.... , _._._--;__-^;:±^.-_ \: :^:_2, ~r:~i _-.„ .._-_/.  . ..__'.• '. :°    ~ :. ~r_-\.._L. : 

20 ' Rose  points out that this argument can be put into more general terms. 
*f 

D' "the equilibrium current as a function of light intensity is Of the foim   I ^L 

where !$<: 1,  it is easy to show from   y   a*1*   tyf&A,     'cna* a peak is expected at 

-_ 'ti'hft.. absawwhiotu-ftjae:«,»--.-Tftxis^JXL^L—ng- jnb»!e^^^ .aaE.-no.@feAä ~ ,—__._   u-— .—-__— .. . 

As is also pointed out by Rose* the presence of additional states between 

M     ' the filled and conduction bands causes three first order effects: 

n !• Tne photosensitivity is reduced by the ratio n^&j. where nc is the concen- 

g      tration of states effective for trapping electrons * 

h 2. The observed decay lifetime may be unaffected or increased by the inverse , 

y ,     of -the above ratio,, depending on the trap distribution. 
.•wf 

3. Response proportional to.Lw yields 15  = 0.5 for no traps (strict bimolec- 

JiLar_nri^ÄSS-LJihiL_~ö anmaoaches .unifar with -ine^aäsljg^iiäapxiJLäg -..- — -  

The hext step then was to devise a model which perhaps would not be a ' 

strict physical picture of the band structure of zine^oXide but would be at least . 

a fair approximation of the physical reality, it was also hoped that a sufficient 

number of experiments could be devised: to. avoid the. iiumerous assumptions Whieh-have 

previously had t;o be introduced in constructihg a. model* ^   . ... 

__ With these aims, a. technical Report was prepared by the author  in which 

the models of Figure 53 were discussed- Xt was shown in this report- that all th 

parameters of the illustrated and similar models could be determined b^ measuring 

'M '   £t\  '  tho~ equvilibriumTphotocurrsht and the "initial slopes of the rise and decay* It wa 

-* Se^,_for example, reference25.., _......... .....  ._;_.. .  
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felt though that_the initial slopes may occur in times of the order_of_atomic 

cu*  transition times (10 -3 seconds) and that the physically measurable slopes may for 

t.iis reason be considerably different from the true initial slopes. Computations 

.jnere-then. lindertaken. to examine, the processes in detail for. a longer period of. time— _ 
% . - 

The incremental method to be, described, in „the fpiloviing section, leads directly into _ 

a consideration of the proposed mechanism for zinc-oxide.. 
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¥11. Incremental Calculation öf the Photocöüäustive Process 

The differential equation which represents a bimolecülär photoconductive 

processj äs exemplified by equation (1), is not linear, which adds to^the difficulty 

of solving the equations involved in any but the simplest processes» A method of 

using smail increments will be used to effect solution in one case of interest. 

Other eases may be solved in a similar manner. ' '": --—_- 

A matter of considerable interest is the effect of traps oj? additional 

_ itttpurity levels ou the 3imnle Bhotocgnductive process as described, in_tlia_pr.ev.ious _^ 

y      section, The^ approach to be taken here will be to consider a simple n=type semi-^ 
ii  " " - .       - "-"••-_• 

|      conductor which exhibits dark current at normal operating temperatures. All the 
3- -•      - »          _ " 

i      possible transitions between the conduction and filled bands and the impurity level 
*    : __..  

I      will be examined and a simple but physically possible case will be computed. Some 
1-  - ---  '  -•    --•'.-    " -      =    -.•-"-.-- 
I      other eases follow directly from this case; other situations will require additional 

y      and more complicated analysis. 

I Figure 54 shows the model concerned with the possible transitions» It is 

jg     assumed that the temperature is such that np^ electrons are in the .conduction band . 

I in the dark, leaving nfcd of the K; total impurity donor levels filled, while intrin- 

* "sic thermal excitation of electrons from the filled to the conduction band wilTbe 

taken äs negligible. 

•Transition A is an optically stimulated excitation of ah electron frog 

the filled to the conduction band, leaving ä hole in the filled band which for 

simplicity will be assumed immobile.* Transitions B and C are effective between 

Jkk? conduction band, and thg impuMty^level and in the dark cause equilibrium .between- 

the two. p and E are the recombination transitions between conduction band or 

. impurity; level and the filled band, respectively. For simplicity one of these 

transitions, 1, will be assumed negligibly small in probability. The solution 

) ässumingT the other transition,: %  small and the first large, follows in exactly 

* The hole co.uid.be trapped, for example,, in. an impurity level .immediately 
above the- filled band. -- • 
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iffi      the same manner as the solution to be presented.    To include both D and E simultan- 

eously would complicate the solution considerably* 

„_^____„_ . „   .   II -Tiho-Äindamental^eauation-f.oi..bhe. tim<j:rsts og change ofrthe^conduqAion r__ 

- ~ band electron concentration^ can-then be' written-«^-  _      -~- - -"•• *-- •"-" ------- -   ---• 

c 

_i 

rajs   tif 

I 

SSS. = AL - Bnc.(N-nt.) + Cnt - Dncn. {,23} 
dt   '" n 

where L is the incident light intensity., assuming uniform bulk excitation. The 

temperature is assumed to be held constant so that A", B', 0, and D are constants. 

,_ " In dark equilibrium L = 0 and dnc/dt = 0, therefore, 

..----- -Ba^N-*^) *Vcn^d^ .9   ,;-"•-•• • : •   -   V 

But M = n-tQ * nCd    •"•..-• 

^  .._>-• -  aft,** "*Ha        "     '      .ted-  • . 

We now assume that the concentrations with ^the light on are . .--....  - 

*c = ncd +£ nt * ata + f where  £ + f = nh     (2b) 

Substituting (24) and (.25,) in (25), where £  and 50 -are small, yields 

~7  SPr^^*r91;Bn0d" - B^6V
:irG;n-^^rB'SD)T n^a~"~~~"^~       " (26) 

"  dt - . ;    '" 
._. ..In, 1 ike .manne?, writiirg the balance for the Impurity le-irel,  _  __   _ _ 

II : 

'    dj?* - ^ (Bncd +. Gl '^&   B'ne 

Adding (26) and (.27}  gifes 

-asJts 4h±u;i±.iTely_6xpecte.,d. _,_     ._ ____^.. _ .. .^-J^-n_^"_,  

It is easily seen that without the- impuari-ty-lejrei the intrinsic decay, is 

exponential with a time constant l/Dhcd and that the equilibrium yalue of this- 

"poviüü of the photo current is~AL/Phcd.    We let £{ 3. = Pncd..    We also define 

4^.'. _..\"?2 = |4cd- 

Assuming the light impulse; is a square, pulse, L^JEFttj,, (.26;). and C2-7) 

become 
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d€ = AL F(t)  •<-    0 K2 -O' i + 0.)   -   €  (^ ! +Gf8) 
at 

and 
_<75 .-_     -  ,   - .    
ax —- r-r/y -----   rf> ux -  -*.  CLI 

(28) 

_(:2ä)  

Solving (29) for £  and substituting in" fc3), 

(30) ä?£    +   (0(x + 2;X2 + C) M + 0( ^g/^g +   c)0    = Mi0fgIF(t) 
at2 dt ' '._.".- 

"The Laplace transform methoa ean now, be applied to our equation <, The 

y I 

T! 

••„ivansform of the right side of (30) with the pulse illustratea in figure 55 is given 

•831)-.- ***        f-(s)  =    / e-st iP(t)dt -      / ALCXp e"st dt *   ££2    (l-e"8^ 
0 6^ 

;je let _"0"tö-)^ D      € (0) = Q .\        0'"(O:). =-0~ ~^by-("27)-,  thus 

s2f /M=sf 
'*- dt 

where      ^f 0  = f (32) 

Substitutin --g (.31) and  ('32)   in (30h 

f = (33) 

s(is*--cL 1 (s+2Xi+c.) 

,29 By use of DoBtscto/"   _L,  17  (33)  can- be transformed to yield the solution 

0(t)  = AlfÖC 2, 

OL Y.(2 & -«* eM2.o( 0+ c--3y _ 
f .1** g* >*-« 1 * ^ *•*** s+0»\?«rccxy 

for        t < "3£ (34) 

and 

' .(!-*    2+0)T ) for    t > t      (35> 

Solving (29} for  6      and substituting (34)  and (35.) for t<T and    t>ZT respec- 

tively, :give 

Q   * AL. 
pTt20(2*c|i2^.g*c-lA1) 

t^cHQfrOfg-^e-^^^g e^^?)i= 

1 + (.-O(^20(g+o)f0(^e^i- for     t < Tf t36) 

,733 

*    TTairic- •pnatsr-.h' R2° notation >Me**^=i^c!^wwMu*> 
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From (36). or WD -   -        . p 

-a1«a*'(8<X8+0) r+ (- «i+Bflfjj+c) (.a.2+G) 
(38) 

lor c"~>00   f (T) -r AL(<X2+0)   ; "in i^e manner, from (54) or lag)  for   " 

->-~?n&    0C& )—»^£läi so that      (0 +4l('T)--     ^   as is intuitively ö2Suäc-_ 

t§U*S       "' .--.,.'"--,-- , , 

We-.thall now attempt to interpret these equations physically. Equation 

(28) shows that electrons are added to the conduction band by two processes: by 

„.the, light {AL F(t)). and by the C transition^ the latter proportionally to 0,  the 

^incremental charge in the impurity level. 

Electrons are .being, lost from the conduction band by two processes.; by 

the p recombination proportionally to 6  and by the B transition proportionally 

~    to the difference (6 - 0)• 

Examination of equation C29) shows that electrons are being lost due tö 

_..tha_:G^r.ansitipn .proportionally to the .'surplus 0  and are being gained in the B 

transition proportionally to the difference '(£ - >0)• Si-guxe 56 shows the function* 

^ al dependence~~of each transition. ___  

———. :3Itaus-what~iaJi&p.pe:aiügj^^ 

1     - B and - C  attempt to effect. & readjustment between the impurity level and conduction 

1       band. At-the same time electrons are decaying to .the fir-led band via D. 'The two- 

]      exponential factors in (.35). or (36) reflect these two simultaneous effects, 

$he interdependence of € and 0 äs illustrated in .Figure 56 complicates 

the= fnter^pretatieh of the. overall process, Let us, however., examine, the readjusts 

m 
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meat process by assuming D Small. 

Letting (X i = Q aiid F(t) =0 iä equations (28) and ('29) we get a decay 

readjustment due to B and G alone represented by 

dt 

. dt     a *  " . 

Solving for €  alone we obtain - 

a8£ + (2CXP+G) M» 0. 
dt2      s .« . 

This equation readily integrates giving  . 

kz    ~  const *•    e   - 

for the decay. Thus we see that the "time constant associated with the decay of 
1, 

electrons from the conduction band into,the impurityjkevels is  l/2Q(p+C ..     ^ 

This value is understandable in view of the ratio of B to G as illustrated in (24} 

and the functional dependence of B 4hd G as shown in Figure 56. In this model, 

B operates to a limited number of' available states While C is a. transition to a 

nearly empty band. The time constant for the adjustment process contains the factor 

2 -because it is the reciprocal of the sum of C plus the _€ part of 

2 
-Q(X  v- '  - —Q(X      ~  —-'Ott.  *    "—""  — —ca  -—• ~~  •*"- 

of the normal dark equilibrium. 

A better understanding of the meaning of the equations derived can be 

obtained from examination^ of ;(,36.) Or (;37} *    For simplicity we shall consider the 

decay above in two cases, the first when the thermal readjustment is fast compared 

with the intrinsic recombination, and the second when the thermal readjustment is 

slow compared to the intrinsic decay. 

Let t* - t -%     in (37) and let X     approach infinity. Then _jt' is 

the time after turning off the light after equilibrium has been achieved. The 

expression for 6  in this1 case is 

r Ar C.. -lzMä*B ).t'   --        »tfvW" 
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. "Where again , for tf = 0. we. have the sä turat ion value 

© :   ' .    \ ...    ein-e3-    *««*?L_ 

"'Sofisiaer how the firslr ofr^theP "two eases ^- -~ 

1!     «2 V« 

:. c   (2cxg+ä)
s s 

"Here the decay is separated into two understandable terms.' The first 

-term-on the right is small in magnitude.compared to the second,,, but rapid in time 

dependence. It represents the rapid readjustment with the impurity level. The 

second term on the right represents the slow process of intrinsic decay from tho 

saturation value, which is the controlling effect here. 

2)       Q<i»%       .•"."•        V \       .        •      : 

In. this case., where the B transition is much more probable than the B 

.tiansltivuj the first term on; the right represents a fast intrinsic decay from an— 

equilibrium value which would be obtained if no impurity level were present at all. 

On the other hand, the second term on the right is. a slow emptying of the impurity 

level into the conduction band starting initially with the saturation value of p 

(the coefficient eS tha exponential in the second term}. In other Words, in this 

case the conduction band is emptying rapidly by the intrinsic recombination of 

conduction electrons with filie.d~b.and holes while the, impurity level is slowly 

releasing electrons into tne conduct;ion oana. ___ 

Figure 55 shows the general shape of the response to be expected on this 

model with a light input as .shown at th© top of the figure.. The dotted section of 

the curve indicates a case in which, the, light pulse Was long enough to allow the 

rise, to saturate'. The initial slopes of the rise and decay for- small times after 

if 
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„tha shuttering are shoxm. It is to. be .noted that if saturation is achievedj the 

decay slope is the negative of the- rise slope,* The value of £     is also indica- 

.ted. If saturation be achieved,experimentally, it should be possible to detensinC 

the parameters of the model by fitting the slopes and saturation values öf the 

experimental cvirves. - . 

..    ° The conclusions that can be drawn on the effect of adding an impurity 

level of the type described are summarized as follows t 

1) The effect of the additional levels is to reduce the equilibrium 

response by a factor •--?—r- -j- irchich ranges between %   and 1... 

2)' As was shown in equations (.40). and (41) j the decay always consists 

of a relatively fast exponential superimposed on a slower decay is 

• • -- either the controlling part of the process or adds a "tail" to the 

jlecay. Thus the observed decay constant may be longer than the 

;\"     intrinsic decay constant unless pains are. taken to resolve the 

.;-'•-,  ..:-^twp processes. ------       _  . 

~ —' rH^s—^bove—eehe-lus-iohB-a^ Rose's stMementg_^ited in 

^he-previous section.where the decrease in sensitivity is at most \   in this 

joe.   '• 

hi 
- j-.-ä 

model..    The third effect mentioned by Rose does- not apply here,  since we have- 

^assumed;an incremental process, in a large dark-current material.so that linearity 

i 

Mf respo^nsV^iW^ih^ident^igh-t- 'Siraensity'MSfflrtewIIrr*^-- 

.../AS- mentioned previously the calculation can be applied to. other cases, 

-for-example-, the substitution of recombination according to 1 rather than P as __ 

~ffiö«tt"l-n"FIg\tte-ö5r~3a" tJJaff *SHSST-one-^btaiÄs-the-same-type-of-enuations.-involving_ 

"•* The decay slope for a pulse of arbitrary length <£      is more complicated., viz, 

d£ = \ AL 
dt 

-L CJ W 

rt=d» •^(.gQf^-H^i^+^g^^i+P^H1 - t^OC^gClg-i-G:). 
^ 

•s 

rc^u^», 5Si'_ ^'jr*ri ggi--=:y •^..~-''ö*w£i£*g2C*"? J if«-;, •»? -,- -_-: 'i' "-«V, % ****-* ** ^*~ 
~ 1    jfT.i-fiWk 
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/ft  time constants   (En^)"1 and " ISBn ,+ß'r1 for the" recombination and »adjust-, 

meat processes, respectively * There is no general agreement as yet as to whether 

transition £ or D is physically more realizable. 

in this caps one obtains 

dn„ ' == . AT-. ,- -RTI . (N-n. Y + Gn,, 

dt 

and 

from which 

3. = Bhe m^tl -  Cnt - Ent nfei 
dt 

|£ = AL. ftt-l ^ 5nCct€  + iBncd+Q:} 0       and 
uv_ _ _    _•_ ._„   ."   ( "_" ,-   : _ .     a_ _. 

ff"   *.  €•  ^cd-^td.) - 0'(Bncd; + ß + 

replacing (:,2&)' and (27). respectively.    "Ehe-remaining equations then take.ä seinem 

 1. -i—.      J*-T. -/^ »_1_—__-   AA*—•,.- 4^1,-»  .what dirit'erens roro,  i.e..,, tne incrjnsi-c ^s^ia nyw apiiw&uiä xu wie ^ A-OW-IIC-A- vüttu. ^5? 

equation * but; the method of solution remains the same. 

m 

* ^.^»-www-rjr*«* 
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VIII. Interpretation Pftlie photogonäuotion'in .^inc-ögiog. 

The calculation of photoconduction in the previous section yiel&s only- 

processes of monomdleculai: forms» i.e., exp&üöntiäl rises and decays, because o* 

the incremental nature of the solution. Unfortunately, the effect of largöslT 

magnitude in zinc-oxide is the slow bimolecular rise and decay illustrated in 

Figures 10 and 14. To explain this process we have to. resort to a method of 

interpretation-mich is somewhat intuitive since the exact equations involved 

cannot be solved analytically <,* 

The model to be discussed is shown in Figure 57a. The similarity to 

the case of Figure 54 is evident except that the states in the forbidden region 

are now not donors but traps, i.e., normally uncharged sites which can. accept an 

electron. ^Transition E is preferred here. In a manner analogous to that of the 

nrevious section we can then write for the time rate of change, of conduction 

S=n 

electrons,. 

•dlT 
äL - B'njJjN'-ng.)' + Giig im 

ana igx* Tiiiv -.m-apT-m VC.JL , 

dno B . = 

Since 

and. 

*b~ 

dhj 
df" 

dh 

B'h-^sr-ng;). - Siig - Engln^hg)- 

N     >>    h^    we can write 

= , AJfc..«. JBiLj. + Cng 

(43) 

IM) 

2      =   Bni * cng - Eng (n^n^) (45) 

- i 
t LsJL 

'.1 -IJ 

m 
'.  • T 

eft' 

for the conduction and t^ap levels respectively, where.     B = B'N. 

Equation '(.45;}  is quadratic in the E term which makes simple iinSär 

analysis.' impossible*    irfo thus work with linear •combinations of (44) and (45) which 

.are- easier to understand. 

The öüra h^ + n-g fcoprosenifc. the total number- of excited eleetrons- (or-    - - 

* This part gf the theory was develo 
of this laboratory .- 

in c on junction, with .Mr- -. Donald A. Melnlck 
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holes) at any instant. From (44) and (45), 

"S^^i - M,"-"EMm-HiA  : ;  : V-'-"- :——-: -  : (4&) 
dt        - J- " 

Now transitions 3 and C effect a quasi-eiiuiiibrium. between the conduction 

Land and the trap_• level. Assuming the recombination probability of E to be small, 

by (45) a quasi-eauilibri-um is obtained for 

*1 •* B"n2 ifci - '"^-na 
:"-- ."" (47) 

u 

.•• 

\' 

fr::? any (n-j+ng^ at any moment.  n^ - g Sg then is a parameter measuring the 

departure from quasi-equilibrium at any moment. 

From (44) and (45) 

•§£ frf § H)  = A- " C?+G) (ni- § n2.) + | En2(n^n2) (48) 

. .,  Since the terra  £ En„ (n^+ng); has ^ which will presently be seen to 

be somewhat smaller than one and since En2(r,-,+,ng) varies between zero and AL 

in whatwe will see is a long period, this term is slowly varying compared to the 

other terms, hence we assume the E term of (48) to be relatively constant. Ike 

ew.na+i^inn    •fcViori   i-a   n-P   -tVin   -Prvrm. 

dx 
dt = ,pAL. + |- En2 (n^+Hg) J  .-  (BH-C) x . (49) 

0 where x = n-^ - —• n2 

Jj       The solution of (4.9) is 

B     < •.*:   ,=_,_      _-(S+C)t    -       l---F-rr -rr-Ö-^'-r-   — v +    ate     L^+    BAn2(nl+V • if 

x - uonsic.   -e 

or since equilibriijp must obtain at t = 0;  Ave.., before the light is turned on, 

x(.Q) '= 0,  implying ...  . 

x =    „L. 1 AX + SEn„,(,nT+n9.)     j   (1-e ' '"> (;5Ö.) 
B+C t~        B     -     • J 

Tb-Ua for t approaching infinity the. deviation from true equilibrium with 

—-light on approaches a constant. 
Sh ;•<  --.-'. /..    ' • - - 
^ Now-j  as discussed in .Section  L'CT,  the two slowest, processes are a bi- 

molecular process of time c.0sst,ant about 50 minutes and: a monömolocular process of 
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' <f~*       time constant about 5 minutes. "We assume the 5 miuuto wuuumoIoCuiaiT procs»., is ths 
?U' - - . - x  - 

one associated with the readjustment, process^ i.e. t?a assume -g^> is of the order 

of 5 minute?. Then the fact that the longer time constant is of the order of ten 

times the shorter provides a justification for the assumption made earlier that 

the E term is slönly varying. Je now assume the exponential is negligible in (50) 

after 5 minutes-,  i.e. >.  quasi-equilibrium is rapidly attained. 

Solving (50;) for n^, 

where we neglect the E term in comparison to AL.    (46)  is now solved for ng with 

the aid of approximation (51): 

:&4,    |i       -   Ä - M2 <   Ä, Ml • §) ^ <«> 

Integration of (52) yields 

•v.- 

n 

-      BM, - '•,..-, 

.: L_^__i_..._55S^_: - : -'-    - - -:...: 51 
t\     " where the constant is determined by  (h-j+np) (0) -= 0. 

~\\ - - 
i - ' " - - - 
ft Examining the slow part of the process we have roughly the form 

».! - o 
,^4-__-^~-r - .._...*••     dn-   =   JüL   -   Ear ' • - -".-•- 

dt 

.^T..-.      •,       _ """It •*?_"' nitA    «    Aaoarr n    = : a Wnicn 'yxex:cusar tsa-uur-a-i/iOii yaiife    "s -    ],-^~ °"" «_-~.w-*        - --    =^=+  const 

But .for decay   n(0} =? nR,  therefore   n = 1/ E(t +l/_JL   )'_L   t3ws> **re h^lf lifö 

',"""'    ;   _ -_-..&-.-.       .-. .    -- 'ALE ••'_       - 

.'•** i 

sill 

,of- the process, is l/^ALE ~ : roughly, >rom our experimental results this is of 

the order- of 10 times  -JL. , onus :.n the scaare roots in (S3) we can neglect the 
-       •       B*'C 

terms- involving the squares, and 

-inli« 

:.-. '.' ^-'-'-Jl.. "i -.VA.'..-'äI-W 
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d       This checks with the rough determination of the half-life as If -J^TT?" above. 

P       nn is now determined by the substitution of (§4) ia {50 h-where again the- Stern 

U 

~M 

is neglected in (§0) as a small corrections 

h = 
öT -(3+a)t.   c ^,/BAL    .  u /•^fME"

;::. '- .  . v 
1 =  f% U-e     ) + B 7 ElB^)  tanfe ( V *C~  * * CpnSt') 

-  • CiiL 
. . —        o .-•_--. 

2(B+Cr 

.. ^ffi^-- , |L  e-(B*C)t  G  r^   tanh(1/^ t + const.)  (55) 
2;(3+C)2    B+Cf   -       E f   E(B+C)     ._.  |f B+C" 

Squation (:55) determines n, which is proportional to the conductivity. 

The constant as evaluated makes (ni-«-n,3)(0) equal.to zero. We see that two effects 

are observed according,to (55); an exponential process and a bimolccuia" process, 

t 1            -n/ 1+C/B 
[': the time /constants being  -—77   and  $  "^   respectively. 

hi As mentioned before, -Jr—   and   -j/ -•?=£--           were set equal to 4.6 ffi; .--_ ;                      ,'      B+c         f ^ 
G ,     minutes and 38 minutes, From the decay of Figure 14,.  ^ was determined to be 
u 
tea - Q.^s which is in accord with the assumption tha^ ~-<^ i "macte earlier. Gomputa- 

T-s,        - -     tion of tne parameters, from the decay curve of Figure 14 then allowed prediction 
h • - - > -     - -  •       ".--•- 
y - _. of the rise curve .to. within Xfo9- which is. better, than the. experimental accuracy. 
p , - " "- '"" I« 
y . Figures 61 and 62 shows that the time constant for the bimolecular pro- 
h'* ' ' - •' • - 
J-       cess is dependent on the square root of the light intensity, in Figure 61 two 

curves of the rise are shown, one for an incident light intensity 3.64 times that 

; Y °t  the other.. Since these curves, beyond 25 minutes at least, should be tnnh in 

form, the time constants involved can be determined from the relation tanh kt £2 1 

—2kt : ~2e    for large values of t. Thtis, asymptotis values; have been chosen and the 

difference between the actual curve and the asymptotic value in each ease had been 

%  plotted in Figure 62-- .Thus we see that the bimoäe calär time constants are 160 and 

32G minut.es. which are in agreement with the. fact that the ratio should bei/3r.64=l,.9. 
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not in the ratio of 2 to 1. It is thought that it is not the concentration % 

is at fault., because of tte good agreement of "the rest of ih« theory* but 

that the observed conductivity may be too low because of a functiöhäI~dWenrdence~ 

of the mobility on the conduction band electron concentration such as might be 

caused by space-charge formation or a concentration-dependent potential barrier. 

The liquid-air temperature experiments illustrated in Figures 4 and 8 are 

ilso explained by this model. Transition C depends exponentially on temperature 

whereas B varies as  -/T . Thus at room temperature we have -i- = ^r^,   but at 
-     - - B+G   x. 4B i 

liquid air temperature we have ^=~  since C is negligible at this low temperature. 

Thus a faster of about 3 in the time constant appears» and this is in agreement 

with the: experiment as is shown in Figure 4. 

.---   It should also be mentioned here that the model shown in Figure 57a in 

which the impurity level'consists of traps can be altered without changing the 

calculation to the model shown in Figure §7b. 

       Here a;>set. of acceptors lying immediately above the filled band maintains 

electric^l-neut:^J4:-y—wh       of -donors_is,-.substituted: for the originally     

neutral traps. At normal and low temperatures the donor electrons will fill the 

acceptors, leaving the donors nearly empty,, as is desired. Holes produced by 

Optical excitation via £ can then be captured, by the acceptors, thus making physieal- 

-ly- understandable -the ye?gan-why m  Is such-'a slow process,, and also' is the reason  -__ 

for negligible hole mobiliijy. The overlap of acceptors and filled baud then 

explains the peak of photoconductivity at the absorption edge and the "tailing-off 

-23 
into the visible in accordance wi^h-Fassbender'» s'  theox'y as mentioned earlier. 

v& 

tr4 

The additional exponential processes described in Sections III and ^ can then be 

explained in pairs by addiiig a suitable trap level in the forbidden region for each 

pair ,S)f_ observed processes, properly pickedi The situation is complicated by the 

•apparent presence of barrier layers or surface states as will be discussed in the 

next:section. 
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Since no definite conclusions can he drawn from the experiments performed 

r 

L 

to date pertinent to this topic -,  only a brief outline will be presented herei 

Two definitions for the quantum, efficiency of a photoCinductive process 

existi^    The first defines the quantum efficiency as the number of charge carriers 

, ... producod_per incidcml photon of light. The second definition defines the quantum 

|       efficiency as a response or sensitivity factor, viz., .the total charge measured in 

the external Circuit dw to the incidence of one quantum-, tor several reasons we 

shall prefer the first definition; measurements on the basis of the second def- 

inition are best performed with sufficiently high field strength to collect all 

the-. liberated charge carriers at the electrodes if replenishment at the electrodes 

~;~:      does not occur. If replenishment-of charge does occur at the electrodes then the 

charged measured is proportional to the voltage applied and the quantum efficiency 

:^~~ -- -thus determined is öf""more~teCwSxogr^thaH^h^f3l"CHl~intere3ir.--—— • —— 
ü - -' - '      - 
0 """"•••  • ll     _ ^      Secondly, the presence of dark current obscures the significance of a 

Ji ':  öuantua-efficiency-based Oh charge passing;;in an external circuit., Thirds unless 

}j .    -  high energy quanta (e.g., x-raysi); which produce secondary ionization are being used, 

fj        there is reason to expect'ef unit quantum efficiency on the basis of the first 

^        -definition in most true resonant processes. 

JL-^^-^ .._,/ ' .. .;  Let us. then define . the, quantum' efficiency jC  as the number of free 

charge"carriers.produced per incident photon-. In the case of immebile holes, this 

is equivalent to the number öf -öbnductioh electrons produced per incident photon. 

--.--, - - - In a sample - of - zero- d-ar^k-'c^^errö-ih-.e.quilibrium_with light we must have _ 

o, x =.  I - im 
where    Qp= number of photons aba or bed/unit area-sec 

VJ-   .  ££V ~X = number of conduction electrons/incident photon 
•U       . -   -     • - ' • ' 
rjf : n — cohcent ration of conduction electrons 

•   T •= lifetime of/a conduction, electron .(.see.) 

I 
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§L_^  - . „„___JL_._ _„ 
Si. Sh.--~- -Ä s dark concentration of conduction N, electrons exist we have 

'SS^ 

•jm- 
4 

qX*  *Lp (57) 
S.T^**»JJAJT*-k-4t4*J^-.rfswi*S.—da.'Uy»*nj=strcIl.Wi.—«IäJ/T»*^*.—jfi_ti.*-v-4i t_n_ 

t^l   j a_^ __--:— is'^w   wvyy    CXIAVL    mu^f^> j      ~._..J^J^v-,'.v*..._t'_,I.3-'l-A V, 

i . 

T =       ^^r• -   =       t58) 
,....'. .  ,   \Q on   ..       .   .- '    ;;. .      . 

whore N^ is the number of available electron states having a capture crpss- 

section 0~c' 
u *s "kk° thermal velocity of the conduction electrons. Inen 

>7 (57) and (.58) . , 

(I'-rn) is determined from the observod response assuming a value of the mobility 

derived from Eall measurements.  (Jt is a capture cross-section determined to ba- 

of the order of ICT14 to 10~15 em? for F centers00, and, u »T/^S . N.  is . '        ? m    h 

determined in terms of N end n by the particular model assumed, whether- it be 

"the^imple model of Figure 50 in which N = 6-, % = n or the. model, Figure 54 

in which N = ncd, N^ =TT . Computations based en such a calculation always 
jbi      .. . - '   - . = 

.Ly '__-, .yielded    .X    of the. order of l&   electrons/photon in zinc^oxide at the absorption 

£3 

uu.^,tj.     XJUUB uiirucr  üiitj  uumpuo^oioa yras i±vv UBITQCI,  or "tiie  process  is one   in 

which multiplication can •occur,  such as the lowering Of a barrier by ah initial 

^ process. 

5 -    - 
A calculation was then done assuming Eahn:'s   model of cubes of highly 

svuuiivvüig iiaTOIxui v-i-/  Sui-JL-Ocinuoa qy a xayai- ia;  04, pco.r.i.y/ coiiQuccing material; 
:•, i 
-pg ""Thö^Biotiei" is snoffti in"üTgüre 56.    Since ~ rj"   « Qy we"have'   iL.    upper traps 

n 
r\ thermally emptied in region B and n^}  in region A, where    h^ >> n-g-. 

ipj Iff «he illuminated crystal   N^ " and   Mg    lower traps are excited optical- 

ly to give    N^ + n^    and JTg + nB    electrons in equilibrium in the respective con- 
ael.-     
—S£ 

n duction bands«. 

m- 
-ölnce- electrons dropping from the1 conductien band are much more likely to fill 

'—ür^a-.-f 
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 .—-^app«r-^"aps—ra-t-b:S-?—t-hss-4rSi«eo?^t«apa^-^^ assume JKL.-<s -ÖA   __. .---_   J 

@ , and % < nß> i.e., large dark current = Using this model it can be shoto that_  ^ 

X " ^~)S X  where X  is the quantum efficiency measured,, X is the 

actual quantum efficiency and  ~ is the ratio of-harrier layer/to cube, dimensions, 

As described in a-,paper on this .topic:,3'1 measurements of £ by the 

method described by Hahn indicate ~ cannot be less than 10 .. This reduces 
a 

the-quantum efficiency to the order of 1 to 10 in the fundamental region. 

The value of Q~c used in the computation is open to doubt, the Mott and 

Surney30 Value of <J^ ~ 10~15 cm8 being the one used. Rose "". shows for two eases 

that "0 /Q-*     is approximately iO?6 where ij   = 108 sec"* .33 A more general 

argument for donors may be given as follows. Let N  donors tor a slice of the 

filled band.) bö b  in depth. Let the Fermi level bo b in depth. Detailed 

balance in equilibrium yields —- - r '?  

ncNp (1-e •" -). u (Tc == N X> e^ö/T 

where   n, = conduction band concentration of electrons having, thermal velocity u. 

But-it is. well known that, the product of hole and electron, concentrations is 

^b./J£, r&di 
...... .     ncSp (1 - e    •   )  =   N^ e,„ °; 

where ~NC- = concentration of states in bottom Slice,, a. few kT wide,„.of the con- 

auction band = 10 ("goo')  ' eitT"5. ünus '^ / Q*   - N^u = 1° » yielding 0% 

of the order e-f 10"18 cm2. 

Now a reduction of >CF' „  as assumed by a factor of 10 or 100 would bring 

the calculated quantum, efficiency into the right order of magnitude., i.e., between 

0.1, and unity. Q-" would then be 10 6 to ,10~17 cm  which is a little- analler than is 

expected on the basis of atomic dimensions for the former value and is one Or two 

~ 20 orders ©f magnitude large _ .nan predictod above., Rose  points out that values 

\\ from 10""* - cm'2 tö 10"22 cm have heeh observed in. other materials,. It is suggested 
i*Lsa jg^*1 •- —•  - - -____.      __              _ __ . .     _ __ .    ,_      ^ 

S     1P_      by him that small* capture cr,oss^seotion might be e^lained by MieMing of the" 

#a     . *    This is .:au. 9acper.ime!a-tai,r not a theoretical, value,    See. the .reference ci.tQ.d-. 
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f,   ; -••'"   "" \-"~~ •     -~       -~ ' « 
fl     <_?**        capturing center by a potential barrier. 
a" " ^F '"" ""      """-   ,~"r"7    ^       " :        ~:    "" 

iJ.tho.ugh this- is not explicitly indicated by the order of magnitude of 

f:'" '"" " ~ '"-the  capture cross-section'nere it nas^öeon mohtiomuq. xna^ wie HalxeixecfVÄibitB- 
^ __- ' •                 •           '• '"                                -      - 
»; no change with illumination,, and this suggests that the photoconductivity is a 
t. & - 
f, surface effect which is not concerned with the. bulk of the material.      .-__- _> 

l! In the previous section it was shown that •—? - S76 seconds and 
H   - ..' i_ -" -   • . ö+0 -• 

' i '  n '     "               — s  ="1    --•--" 
!', . =• = 0.4. Thus     . G = 1.04 x 10  sec "*•, 

Since the probability of escape from a trap as derived from thermo- 

Ctrz 

luminescence, measurements- ° is 
- £,/kT _;&-_= li ..a.  _. sec-? 

— \     8*1    n       _^ whore 0  -  10   sec-   and. C  is the trap depth, this indicates that the depth 

of tlie impurities in zinc-oxide should be between 0.5? and 0.69 ev... below the 

conduction band. Such a level has not been detected by Hall measurements- to 

_, Cy Q_1,  •• 

R- 

date. '*""• Thempluminoseonce measurements how in progress'-'- indicate the existence 

of a 0..3. volt deep level. On the other hand, a level at 0.04 ev. below the conduc- 

.-__^.„^cl^h^d.r^ bulk measurements4, would yield a transition   _ 

m.   \ , _ . probability of' 10 • sec _ at room temperature, which is consiieräbly larger than 

i. • 

H 

'pi 
~r 

\-m'" 

- the determined Value of c. 

The existence of"states shielded by a surface potential as shown in 

__~_Jl3gSHSe-J^ deep ievel which would not 

be detected by bulk measurements such as" the Hall measurements,,, since these levels 

._,_ would bo on the surfäco__qf_ the neck between micröcrystäls in the material as shown 

——-in—this -figure. The—Q:iQ4—ev-i levels however -are—thought to exist in the bu-ik of 

5        4 the material- The conductivity measurements of Hahn and Miller indicate the. 

presence of 0-.7 ev. states if the slope .gives, the activation energy directly.* 

713 The existence of G-.7 volt deep levels allows, a- possible explanation of 
^SP1"* \j*       -------   ,_---_  - - -      -. _  , .   L       . _____ 

v»] vk*       the. 5100 A luminescent transition as the E transition mentioned previously- as 
--•*&&. 

m ähürfm in Figure. -60*    Sis^e pliotoeopJ.uQtivity öoncfcfr&sj itself #t_* möasüremeht of 
_ _ .__„___-_,________. ,. _-,_.--_.._____.__.._._ _. _.,_^_ ____„.. 

-*    A technißa"1-  report being prepar-ed by Mr_  S. Hari'ison of this, laboratory will 
; A-sTT    _- 



electron, concentration, while the. luminescence depends on.   —   from the 0.7 volt 

F|       -^   .      |S"Cates.,   tne rac-U  mat i-asi; aecajts uavu   y«wu doaisuiew .i? nvi>» _ iuuu«p*oreu.u  "J.»"   _»«— D 
1 
FT 

-# '* 
_T ^i—. a ü—^   _^^r.*«^.^,=,^>w4.-a...      -i-fc   -i ä ö-T-.4--i.-CTÄil-sr  •rvisri'Hea.'Hi <a   -hha+L   a    Inn«   •fei trie   TjhßST'ihCJ?— 

esc§npewpf low intensity exists. Attributing this trensitionto states OB tha  

surface is not necessarily in disagreement witn the fact that the transition is 

observed in the impure single crystals previously described. Microscopic obser- 

vations and a hysteresis effect in the conductivity determined as a function of 

'-,., rer,ature indicate the existence of flaws which might be the sites of these 

states in the single crystals. 

*» 

•*«S^ 

-.v .   . W*   — - - - ^r* ^ ^ -£&VJ sQ~'J '•jY' -^- C^'-TvfC^-S^t^,^^. A i*v.^3-i. -"* w" ?^f*-^2><s -•~Jx°T<l% *""^.« -iV^ ^f^M^A^f^^£^^^^^^t^Jff^yZ\ 
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,X. Summary 

T It Has been demonstrated that at least tteee processes occur Simultan- 

st 

f 1 

r-j 
rar. 

fr 

> ä. 

'\\ '£ 

oöusly in the photoconduction of zinc-oxide. A slow Dimoxecuiar process wita a 

-decay constant of 50 minutes, a monomoleculär process of 5 minute :constairt, and 

a monomolecular process of 0.3 seconds constant are observed. The existence of^ 

other processes of the order of a minute and of milliseconds is also suspected. 

The response with modulated light and with single pulses has been shown to react 

a- maximum at the, fundamental absorption edge.. The photoconduction in single 

- crystals and at liquid air temperatures has also been examined. 

  — - qjbe theery of photocondue-tivity has been briefly developed and two 

.models have been constructed., one of which explains the coexistence of a mono - 

molecular and bimolecuiar process in terms of transitions to an impurity level 

situated in the forbidden energy gap in the energy band picture of the material, 

"agreement with experiment is shown to be good. The aduitiena3r monomolecular prov- 

es ssos may be, explained in pairs according to the results of an incremental 

method of calculation which was developed. 

- The peaking of the phoioconductive response at the' äbsorpiriüBredge and 

. the .low probability of the main recombination transition are thought to be Caused 

•by,the presence of acceptors which act as hole traps. Determinations of the 

_.amanium efficiency.,. .along_w;ith the cited lack of effect of light oh the magnitude 

- of the Hall coefficient, seem to indicate,the presence of barriers iavers and/or 

surface states in the sintered material* The presence of a level. CU7 ev.Jbelow __ 

- the conduction band suggests aöae:clkän:iIm_fLÖJL.^^ 

The depth of this level agrees with measuromepjts performed by Miller and Hahn. 

kV 

i 
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